a B s t r a c t Endovascular treatment in the thoracic aorta has mostly replaced open surgery in subjects with given anatomical requirements, showing excellent postoperative results. the selection of the right stent-graft is based on aortic morphology and operator skills, with the goal of guaranteeing good apposition and long-term stability. However, complications such as endoleak and migration can occur after thoracic endovascular aortic repair, mostly caused by a weakened mechanical interaction between the wall, the blood and the device. the goal of this review is to explore the current effort of the biomechanics community to predict in-hospital and long-term outcomes by means of computational simulations. Benchtop tests, finite element analysis and computational fluid dynamics will be explored together with several examples in order to show the current state-of-the-art for surgical planning and complications prediction. our analysis shows the potentiality of numerical tools not only to foresee problems which cannot be diagnosed by current tools, but also that the proof-of-concept stage has been passed and that the technology is ready for the bedside. t horacic endovascular aortic repair (TEVAR) is the first option for treating most thoracic aortic diseases that are confined to the descending aorta. 1 It can also be used for pathologies involving the aortic arch and ascending aorta, but this generally necessitates surgical or endovascular adjuncts to address the supra-aortic branches. 2 although the complication rates after tEVar are relatively low, stent graft related problems can occur at short and long-term follow-up, as a result of imperfect coupling between the relatively stiff endograft and the pulsatile thoracic aorta. for example, the incidence of stent graft migration is between 1.0 -2.6% and the incidence of type I endoleak is about 1.0% to 3.9%. [3] [4] [5] [6] In order to improve the durability of tEVar and reduce the risk of these complications, optimal planning is primary. current surgical planning, including endograft selection, is based on static imaging of the aorta, being contrast enhanced computer tomography (ct) the gold standard. If all conditions are met for an endovascular procedure (i.e., access sites, arch angulation, etc.), modern imaging software allows the surgeon to "straighten" the aorta into a linear tube in order to retrieve a set of measurements.
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In the case of an aneurysm, these include the diameter of the sac, the length, and diameter of the proximal and distal healthy necks and, last but not least, the radius of curvature of the aorta, in case the deployment involves the arch. Based on these quantities, the length and diameter of the endovascular graft are chosen, including further design details such as tapering and scalloping. oversizing is a common practice in aneurysm repair, where the endograft grafts under representative cyclic loading for abdominal aortic aneurysm (aaa) repair. In particular, the authors studied the mechanical behavior and fatigue performance of different materials resembling commercially available stent-graft systems, evaluating and comparing the effects of the different stages of the device usage (crimping, deployment, and cyclic pressure loading) on stent-graft fatigue life, radial force, and wall compliance through the numerical simulations.
In 2012, demanget et al. 11 simulated numerically the bending of two manufactured endografts (Aorfix by Lombard Medical and Zenith by cook Medical Europe) using fEa. authors studied the overall behavior of the endografts by assessing stent spacing variation and cross-sectional deformation. the study was motivated by the potential relationship between the clinical complications and the insufficient stent-graft flexibility, especially when devices are deployed in tortuous arteries.
the same authors validated the numerical procedure in a subsequent study 12 where the two commercially available endografts were subjected to severe bending tests. Their 3D geometries in undeformed and bent configurations were imaged from X-ray microtomography to set up stent-graft numerical models, subjected to the boundary conditions measured experimentally. the computational framework was further used to numerically assess the flexibility and mechanical stresses undergone by stents and fabric of currently marketed stent-graft limbs (Aorfix, anaconda, Endurant, Excluder, talent, Zenith flex, Zenith lP, and Zenith spiral-Z). 13 the analyses by roy et al. 14 extended the previous work of demanget by adding further deformation scenarios that devices undergo when implanted in the human body. furthermore, they used two cook Zenith endografts for the aorto-iliac bifurcation, where both the main body and the legs behavior were assessed. authors successfully validated their numerical results against analogue benchtop experiments, highlighting the key role of radial preload due to the precompression of stents to match the graft dimensions during manufacturing, which is important in order to compute the radial force exerted on the vessel after deployment more accurately.
Virtual deployment of endografts in patient-specific models or phantoms, sometimes including an in-vitro counterpart for validation In 2012, de Bock et al. 15 experimentally validated the use of structural fEa to virtually deploy a bifurcated stent graft (Medtronic Talent) in a patient-specific model of an usually exceeds the neck diameter by 10-15% 7 with the aim of improve sealing. albeit current guidelines comply with this procedure, it is evident that much functional information lacks at the preoperative assessment.
When the device is to be deployed in a patient with an acute aortic dissection, the aim of the surgery is two-fold: seal the proximal entry tear so as to depressurize the false lumen and also collapse the latter, so as to reestablish the diameter of the true lumen. the nominal diameter of the endoprosthesis is chosen in accordance with the target diameter of the true lumen, meaning that no oversizing is performed. 8 Patient-specific characteristics such as wall mechanical properties and a more detailed reconstruction of the geometry (3d rather than 2d) would improve both the surgical planning as well as stent-graft design. dynamic imaging and computational methods are two techniques that can enrich the information of this complex biomechanical environment including patient geometry, mechanical behavior of the wall/endograft and finally, endograft design. For this reason, in the last decade, the bioengineering community has promoted the use of numerical simulations to assess in a non-invasive manner the aortic biomechanics before, during and after tEVar. 9 In the following we provide an overview about such (bio)engineering tools, highlighting possibilities and their limitations; illustrative examples of clinical applications will be provided as well.
Review of simulation tools
the available biomechanical research literature about tEVar covers a broad range of methodologies and applications; we have categorized such a large spectrum in three main classes: 1) benchtop and in-silico testing of endograft materials, including different shapes and assemblies; 2) virtual deployment of endografts, sometimes including an in-vitro counterpart for validation; 3) image processing techniques to simulate postoperative aortic configurations and assess hemodynamics. We provide a brief overview of each class concluding with the discussion of combination of all the aforementioned techniques to predict postoperative hemodynamics based on preoperative information.
Benchtop and in-silico testing of endograft designs and materials
One of the pioneer investigations in the field of numerical simulations of endografting was reported in 2008 by Kleinstreuer et al., 10 who discussed a structural finite element analysis (fEa) of tubular, diamond-shaped stent key parameters in the device/wall interaction: the attachment length in the proximal neck, the diameter oversizing percentage, proximal neck angulation and the quality of the contact interaction (defined by a friction coefficient). In their work, a stent (not a stent-graft) was deployed in a computational reconstruction of a descending aorta, where they manually modified some geometrical characteristics. results indicated that at least 18mm of healthy landing zone and oversizing between 10-20% improved overall stability, even when the proximal neck is highly angulated. conversely, oversizing above 25% caused stent collapse.
the aforementioned studies clearly show that, nowadays, structural simulation of endografting is a consolidated technology, although the reduction of computational time to comply with clinical practice requirements is still an open issue. a step forward on such a challenge has been recently given by acosta santamaria et al., 20 where stent grafts for EVar were modelled with shell elements thus reducing integration time during the computational simulation. one of the focuses of their work was to ensure that material properties were kept intact in the reduced order model and they succeeded on reducing the computational time by almost a factor of 10 without losing agreement with an analogous 3D finite element model. a recent work by sanford et al. 21 demonstrated the ability of computational simulations to predict rotation in fenestrated EVar (fEVar). the authors presented six patient-specific cases, compared with surgical case data. simulations included realistic material properties, frictional effects, deployment methods, and boundary conditions. the results showed a mean simulation error of 2 degrees (range 1-4 degrees). subsequently, the model was used to conduct a parameter study of frictional properties to see if rotation could be minimized, showing that increasing or decreasing the coefficients of friction (COF) between the sheath and the vessel walls would decrease the amount of rotation observed.
Image processing techniques to simulate postoperative aortic configurations and assess hemodynamics
In 2006, frauenfelder et al. 22 analyzed the hemodynamic changes in abdominal aortic aneurysms (aaa) after stentgraft placement by computational fluid dynamics (CFD) in 11 patients. Both preoperative and postoperative fluiddynamic simulations were based on ct angiography datasets. similarly, in 2010, Karmonik et al. 23 used cfd to provide a quantitative assessment of hemodynamic wall forces in type B aortic dissection before and after treatabdominal aorta. the authors modeled the entire deployment procedure, with the stent graft being crimped and bent according to the vessel geometry, and subsequently released. the numerical procedure was validated comparing the simulation outcomes with the in-vitro data regarding the placement of the device in a silicone mock aneurysm, scanned by high resolution ct scan.
In 2013, auricchio et al. 16 described the use of a custommade stent-graft to perform a fully endovascular repair of an asymptomatic ascending aortic pseudoaneurysm in a patient who was a poor candidate for open surgery. the authors also discussed the possible contribution of a dedicated medical images analysis and patient-specific simulation as support to procedural planning. In particular, the work compared the simulation prediction based on preoperative images with the postoperative outcomes. the agreement between the computer-based analysis and reality demonstrated by this study, has encouraged the use of fEa-based simulations not only as a tool for device designers but also as a procedural planning tool for the physicians.
Perrin et al. 17 investigated the expansion of five marketed stent-graft iliac limbs to quantitatively evaluate their mechanical performances in-silico. the simulation of the deployment was modeled in a simplified manner according to the following steps: stent-graft crimping with simultaneous insertion in the delivery sheath, removal of the sheath and stent-graft deployment within the aneurysm and, finally, application of arterial pressure. their results showed that in some of the tested devices, kinks and apposition defects are present especially at the outer curve of the artery when the aneurysm zone is much angulated.
analogously, the same research group 18 proposed a numerical methodology, used in three clinical cases, to predict stent-grafts final shape after surgery using preoperative scans to generate patient-specific vessel models. Numerical results were compared to the actual deployed geometry of the endografts after surgery as extracted from postoperative scans. they observed relevant matching between simulated and in-vivo geometries, especially for proximal and distal stents outside the aneurysm sac which are of utmost importance to vascular surgeons. such a good agreement between numerical results and clinical cases makes finite element simulation very promising for preoperative planning of endovascular repair; in fact, part of such technology is the ground of Predisurge company (www.predisurge.com).
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certainly the time of proof-of-concept case studies is gone; the simulations are ready for the validation with prospective studies and to be benchmarked by the clinical market. In such a scenario, it is essential to promote the clinical applications of these tools.
Simulations and clinical cases
for instance, virtual tEVar deployment has already been applied in many patients who needed treatment for ascending, arch or descending thoracic aneurysms. We present herein three cases from recent literature with the goal of showing the potentialities of this technique. a 48-yo male presented at our institution after some months of a car accident, complaining of chest pain. a contrast enhanced ct scan showed a 55-mm aneurysm at the distal portion of the aortic arch. the patient was treated with a Medtronic Valiant 28-24-150 endograft and was discharged without complications. Postoperative ct showed no signs of migration or endoleak. given the nature of the disease, we decided to enroll the patient in our icardiocloud project, aiming at analyzing hemodynamics pre and post-tEVar by means of computational simulations. 38 therefore, phase contrast MrI was performed to analyze flow patterns in all the boundaries of the thoracic aorta. a computational analogue of the Medtronic endograft was built and deployed in-silico following the procedure in romarowski et al.. 37 as illustrated in figure 1 , the ment using pre-and postoperative ct scans and dynamic magnetic resonance imaging (MrI) data.
In 2012, Midulla et al. 24 further combined aortic anatomy derived from ct with MrI, used to obtain boundary conditions of the aortic wall movement during the cardiac cycle and, performed cfd analysis to evaluate post-tE-VAR aortic blood flow in 20 patients. The mentioned studies are just few examples of the extensive and constant effort to bring not only structural simulations, but also aortic fluid-dynamics simulations to the bedside. 25, 26 as an example, filipovic et al. 27 examined blood velocity and wall shear stresses in the thoracic aorta with and without an aneurysm, based in a single-patient case and a postsurgery virtual configuration (obtained by resecting the aneurysm and bridging the free boundaries of the aorta with a cylindrical geometry representing the implanted prosthesis).
analogously, alimohammadi et al. 28 analyzed the hemodynamic effectiveness of aortic dissection treatments via virtual stenting by simulating the stented domain by simply sealing the entry tear and restoring the true aortic lumen.
other studies by Xiong et al. 29 and Neugebauer et al., 30 proposed to create the virtual postoperative model manipulating the preoperative surface of the aortic wall by elaboration of the centerline of the vessel based on design parameters of the prostheses. although such an approach creates a more accurate representation of the surface when compared to previous studies, 27, 31 it has a limited capability of capturing undesired protrusions of the stent-graft into the lumen, as in the case of the bird-beak. 32, 33 furthermore, comparison of virtual surgery with actual postoperative data is missing in both cases.
A combination of all the aforementioned techniques to predict postoperative hemodynamics the combination of virtual stent-graft deployment and cfd analysis has been addressed in 2009 by the group of figueroa, who compared hemodynamics in the aorta with a virtually implanted stent-graft and the actual postoperative geometry; 34 similarly, the displacement forces acting on the stent-graft have been investigated using follow-up imaging after endovascular repair aaa. 35 unfortunately, in both studies, the details on how the stent-graft is modeled are not reported. subsequently, in 2013, Prasad et al. 36 proposed a computational framework for investigating the positional stability of aortic endografts combining computational solid mechanics and fluid dynamics. The study focused on abdominal aneurysms and investigated, figure 1.-schematic representation of the proposed pipeline including all the steps required to predict hemodynamics after tEVar from preoperative images only.
This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. higher in the supra-aortic branches, in the inner portion of the arch, and in the distal part of the aorta covered by the endograft. the magnitude of the velocity in these regions was higher in the virtual model, having a larger extension as well, when compared to the actual one. the maximum value computed for virtual in the proximal landing zone of the endograft is 168 cm/s whereas actual indicated a value of 146 cm/s; regarding the distal landing zone, virtual indicated 185 cm/s as maximum magnitude of velocity, while in the case of actual the computed value was 161 cm/s. a further comparison of the computed blood flow profile between the virtual and the actual model is reported in figure 3 , where the contour plots of the flow velocity magnitude at systolic peak in the proximal, middle, and distal cross-sectional planes perpendicular to the endograft rings are depicted. the proposed framework was also used to corroborate the clinical decision regarding the suitability for tEVar of a subject presenting a saccular post-traumatic aneurysm with a maximum diameter of 40 mm; this as a borderline patient not ideally suited for tEVar, due to the complicated morphology of the arch, characterized by a short proximal healthy neck and a high arch angulation. the lengths of the proximal landing zone were 18 mm, and the arch inner radius 19 mm. given the preoperative ct scan, the structural simulation has shown in this case an endograft malapposition suggesting a high risk of bird-beak (see figure 4) . Indeed, this case presented a device protrusion inside the lumen that our approach was able to capture, reconstructing at the same time a conforming surface ready for fluid-dynamics simulation as shown in Figure 4 .
We have also analyzed the case of tEVar in the ascending aorta; in our case, a 74-yo female with a previous ascending aorta replacement presented in our hospital for a follow-up ct which showed a 55 mm pseudoaneurysm originating at the distal end of the graft. since the patient proposed simulation framework is composed of six principal steps. Step 1: model generation of the patient specific aortic model from medical images such as ct angiography; step 2: generation of the endograft model, resembling the design of a given commercially-available device, used in the clinical practice; step 3: the virtual deployment of the endograft inside the vascular model by structural fEa; step 4: the deployed stent's surface is mapped into an equivalent cylinder surface in order to obtain a smoother geometry which is merged to the aortic model (i.e., step 5). finally, a tetrahedral mesh is generated and a cfd simulation is performed (step 6).
as shown in figure 2 , the simulation of endograft deployment in the preoperative model of the aorta was able to reproduce the main features of the actual configuration of the implanted device. In fact, the simulation indicated that the endograft membrane totally covers the left subclavian artery ostium, indeed excluded by the blood flow circulation, requiring a surgical bypass as part of the vascular procedure. at the same time, the simulation was able to predict the actual position of the proximal bare ring of the endograft, which allowed to keep the patency of the left common carotid artery, increasing at the same time the stability of the implant in the landing zone. Moreover, in the inner curvature of the arch, it is possible to observe that the numerical results appropriately resemble the localized kinking of the endograft, which is also present in the distal zone of the implant.
this simulation framework allows to compute the postoperative hemodynamics by cfd technique, given only the preoperative images, as shown in figure 3 . such results are also compared with the cfd based on actual postoperative scan in order to quantify the predictive capabilities of the proposed virtual tool. results showed that velocity was figure 2.-a) Pre-tEVar aortic geometry; B) virtual deployment of the endograft; and c) post-tEVar for comparison as extracted from ct. erature. 41 the solid mechanics community has focused in most of the necessary "ingredients" to make successful simulations, so as to mimic as much as possible the reality of the operating room. researchers have worked in material properties, 42 image analysis before and after tEVar, 43 deployment sequences, 44 and fluid dynamics 45 as well as more complex approaches which might be difficult to understand by a clinical audience. 46 In all the cases, the method of choice for the simulation is the fEa, which has proven to give reliable results when compared against in-vivo/in-vitro measurements. authors have also incorporated in their simulations many device models, mostly to capture the behavior of various designs. 47 outcomes of the computational analyses have demonstrated to give rich information, useful both for the surgeon in order to choose the best device, avoid deployments which would be prone to endoleaks and to the engineers in charge of designing the endografts, such as evaluating new materials and geometries. We hope that in the following years this technology would penetrate in the routine clinical practice, with benefiting the patient as a final goal. a few limitations that are currently being overcame by the research community have to be recognized. the main shortcoming of these virtual techniques is the computational time required to run the simulations. With current hardware capabilities, analyses require around 12 hours for each combination of patient-specific geometry/stent-graft design/proximal landing point. this is compatible with the clinical practice in scheduled surgeries, but cannot be used in traumatic scenarios where tEVar is growing rapidly.
another area which still needs to be developed is a smooth inclusion within the clinical workflow. Currently these technologies are developed and run by biomedical engineers, who have a deep knowledge on the computational tools. In order to make the tools available to more vascular surgeons, efforts have to be focused on developing a user-friendly interface where the more technical details are "hidden" from the user. Virtual deployment tools might as well become embedded in current surgery planning software or even in within the angiographic suite.
the present article has not focused on the properties of the arterial wall, which is known to be weakened in aneurysmatic (and dissection) patients. literature has acknowledged postoperative complications related to the prosthesis-wall interaction such as retrograde type a dissection after endovascular repair. 48 future studies will incorporate a more comprehensive set of wall properties, 49 ideally tailored to each patient, in order to estimate wall rupture risk after tEVar. 50 Moreover, numerical simulations can suprefused to undergo a new open surgery, an endovascular procedure was planned with a custom-made endograft. the device was deployed without any intraoperative complications and the patient was discharged. Endografting the ascending aorta is a current topic of discussion within the cardiovascular surgery community. In most cases, an aneurysm (or pseoudoaneurysm) is presented in old patients who are not fit for open repair due to their clinical condition. 39 Although this group of patients would benefit from endovascular treatment, tEVar for the ascending has been done in only a few rare cases, worldwide. the efficacy of the treatment has not been proven yet and there are feasibility studies going on right now. Based on their results, manufacturers may be encouraged to produce a set of dedicated devices to treat ascending aortic pathologies. We exploited our experience in order to validate the virtual deployment method developed in our group. a computational model of the endograft was built and then virtually deployed within a 3d reconstruction of the patient's aorta. results of the simulation were compared against the postoperative images by quantifying the radius of each ring. differences between the virtual and the real scenarios were negligible, confirming that the computational simulation can correctly predict the prosthesis apposition. 16 Patient-specific fluid-dynamics simulations regarding fenestrated prostheses positions in Zone 0 for arch treatment have been recently proposed by Van Bakel et al. 40 in order to choose the best re-routing strategy.
Conclusions, limitations and future perspectives
computational tools have shown promising results in endovascular treatment planning, subject to recent lit- port the stratification of patients 51 integrating biomechanical quantities to more typical geometrical measurements. 52 finally, if the procedure will be available in clinical practice, the framework needs to be approved by regulatory agencies such as fda and cE. this step requires an extensive validation, either in-vivo or by using 3d printed aortas where devices can be deployed in a controlled way. a collaborative effort among many institutions by means of prospective in-silico trials would be required to accomplish the creation of a complete dataset, both for the validation of the tool itself and the predictive value of longterm complications.
Many of the studies in this review performed some kind of computational simulations of aortic hemodynamics. FEA, CFD, or fluid-structure interaction are different types of computational modelling which can be used to quantify many of the stresses, strains and forces acting in the aorta and on the endograft. displacement forces calculation is a good example of how this type of studies can improve our understanding of the mechanical coupling between endograft and aorta, and showed that these simulations have already helped to increase our understanding of some endograft-related problems. 51 these simulations also have great potential to include functional information into clinical decision-making, in a patient-specific manner, but in order to be used in daily clinical practice, the balance between accuracy of simulation results and computational time needs to be improved.
